. ACE inhibitors in HF restore canine pulmonary endothelial function and ANG II vasoconstriction. Am. J. Physiol. 277 (Heart Circ. Physiol. 46): H1924-H1930, 1999.-Chronic mitral regurgitation (MR) in dogs results in pulmonary congestion and increased cardiac angiotensin-converting enzyme (ACE) activity and angiotensin (ANG) II levels. ACE could contribute to altered pulmonary vasomotion in heart failure, and ACE inhibitor (ACEI) therapy may normalize pulmonary vasomotion. We evaluated pulmonary artery (PA) responses to ANG II and bradykinin (BK) in control dogs, in dogs with 4 mo of MR, in MR dogs treated with the ACEI ramipril (MR ϩ R), and in control dogs treated with ramipril (C ϩ R). Mean PA systolic pressure increased in MR dogs (21 Ϯ 4 mmHg) but was normal in MR ϩ R dogs (13 Ϯ 1 mmHg). Constriction of PA rings to ANG II was depressed in MR dogs. ACEI treatment (MR ϩ R) restored ANG II responsiveness, but peak ANG II response (3.6 Ϯ 0.2 g) in MR ϩ R dogs remained lower than in C ϩ R dogs (4.7 Ϯ 0.2 g). Endotheliumdependent relaxation to BK was decreased (Ϫ87 Ϯ 4% C, Ϫ65 Ϯ 4% MR; P Ͻ 0.05). Ramipril (MR ϩ R) restored relaxation to BK. This demonstrates that pulmonary congestion results in impaired pulmonary vasomotion to ANG II and BK, which ACEIs could normalize, supporting the use of ACEIs in clinical management of chronic congestive heart failure.
ment of pulmonary hypertension and pulmonary vasoconstriction of congestive heart failure has not been extensively studied. This could have important implications because increased pulmonary vascular resistance can lead to right ventricular functional impairment, which is a strong predictor of mortality in heart failure (10, 24, 25, 27) .
The Studies of Left Ventricular Dysfunction (SOLVD) and Survival and Left Ventricular Enlargement (SAVE) demonstrated that chronic angiotensin-converting enzyme (ACE) inhibitor (ACEI) therapy prevented further deterioration in left ventricular function and decreased coronary artery disease morbidity and mortality in patients with left ventricular dysfunction without overt heart failure (26, 30) . These beneficial effects of ACEIs in asymptomatic patients suggest that factors other than blood pressure reduction alone may be operating under certain conditions (33) . One such hypothesis is that ACEIs may exert an important local effect on the RAS in both vascular and cardiac tissues, whereas the circulating RAS remains normal in patients with left ventricular dysfunction without overt heart failure (8, 14, 18) . However, there are few or no data regarding the beneficial effect of chronic ACEI therapy in pulmonary vascular function.
Normal pulmonary vasomotor function, as in the other vascular beds, depends on the delicate balance between the vasodilatory and vasoconstrictory mechanisms. Increased ACE activity resulting in increased degradation of bradykinin (BK) and increased ANG II could contribute further to altered vasomotor function in heart failure. Thus chronic ACEI therapy could provide two beneficial effects, decreased ANG II formation and an increased preservation of BK. Pulmonary vascular response to chronic ACEI therapy in an animal model of chronic heart failure, however, has not been extensively evaluated (4) .
We (7) have previously demonstrated that chronic volume overload hypertrophy caused by mitral regurgitation (MR) in the dog results in twofold increases in intracardiac ACE and chymase activity and threefold increase in intracardiac ANG II peptide levels in the left ventricle. This model is also characterized by increased pulmonary pressures and increased circulating RAS components. We hypothesized that heightened activity of the RAS in this model of heart failure would result in abnormal vasomotor function in the pulmonary vasculature and that these abnormalities could be
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reversed by chronic ACEI therapy. Accordingly, we evaluated possible alterations in vasoconstrictor responses to ANG II and endothelial cell (EC)-dependent vasorelaxation to BK in intralobar pulmonary arteries from control dogs, with and without chronic ACEI (ramipril) treatment, and from dogs with chronic MR, with and without chronic ramipril treatment.
METHODS
Creation of MR and all follow-up care were performed at Auburn University College of Veterinary Medicine. Four months after induction of MR, animals were transported to the University of Alabama at Birmingham Center for Nuclear Imaging Research in a fully equipped, temperature-controlled van approved for this protocol. This study was approved by the Institutional Animal Care and Use Committee at the University of Alabama at Birmingham and by the Auburn University College of Veterinary Medicine.
Percutaneous creation of MR. Each dog was screened to rule out Ehrlichia canis et platys and Dirofilaria immitis before entering the protocol. To create MR, each dog (18-25 kg) was anesthetized with intravenous Innovar-vet (droperidol and fentanyl 1-1.5 ml), intubated, and maintained on a surgical plane of anesthesia with isoflurane (0.75-1.5%) and oxygen (2 l/min). This anesthesia protocol was the same at the time of percutaneous creation of MR and at the times of baseline and final cinemagnetic imaging studies. The right carotid artery and jugular vein were exposed through a sterile cutdown. A Swan-Ganz catheter (Baxter, Deerfield, IL) was introduced into the jugular vein and advanced to the pulmonary artery (PA) to record pulmonary artery pressure, pulmonary capillary wedge pressure, and thermodilution cardiac output. A sheath (8-Fr) was introduced into the carotid artery and placed into the left ventricle under fluoroscopic guidance. A flexible, rat-tooth grasping forceps (7-Fr; Cook Urological, Spencer, IN) was inserted into the sheath and positioned at the mitral valvular apparatus where chordae were cut to produce MR. Signs of significant MR included an increase in the pulmonary arterial wedge pressure to Ͼ20 mmHg with V wave dominance, a decrease in arterial pressure, and a decrease in cardiac output of 50%. In addition, auscultation documented a new holosystolic murmur and palpation of the precordium documented the presence of a thrill in all dogs. When these hemodynamic and physical examination criteria were accomplished, all catheters were removed, and the surgical site was closed. The dogs were placed on antibiotics (amoxicillin 20 mg/kg), and their hemodynamic status was closely monitored for 24-36 h.
Follow-up care included daily monitoring of the heart rate, respiratory rate, and temperature. The heart and the lungs were auscultated on a daily basis. In each dog, serial chest radiographs were performed to identify the onset of pulmonary venous congestion, and furosemide was given at 2.2 mg/kg po bid if needed. Seven dogs were treated with ramipril starting at 2.5 mg qid day and increasing to 10 mg bid at 1 wk. Three dogs started ramipril therapy at 24 h, and four dogs started ramipril therapy at 3 wk after induction of MR. No significant difference in cardiac hemodynamics and in isolated PA ring studies between these two groups of ACEItreated dogs was noted; therefore, the results were combined and presented as MR ϩ R. Four dogs had MR and were untreated for 4 mo. All dogs were killed 4 mo after MR was created. The control group consisted of eight dogs, and two of these dogs were treated with the same amount of ramipril as the dogs in the MR ϩ R group.
Isolated intralobar PA ring preparations. At the time of death, the dogs were anesthetized as described previously, a left lateral thoracotomy was performed, and the heart was KCl arrested. The left caudal lung lobe was harvested as quickly as possible and immersed in ice-cold Krebs-Henseleit (KH) solution. The intralobar PA was then identified in the left caudal lung lobe, isolated, and cleaned of surrounding tissues in prewarmed (37°C) and oxygenated (95% O 2 -5% CO 2 ) KH solution containing (in mM) 118 NaCl, 4.6 KCl, 27.2 NaHCO 3 , 1.2 MgSO 4 , 1.2 KH 2 PO 4 , 1.75 CaCl 2 , 0.03 Na 2 EDTA, and 11.1 glucose as previously described (16) . Each vessel was cut into rings 5-mm long and mounted by means of two L-shaped 27-gauge stainless steel needles and placed in 10-or 5-ml jacketed chambers containing prewarmed and oxygenated KH solution. The upper needle was attached to a force-displacement transducer (Grass FT.03C) by a silk suture. The vessels were passively stretched to 2 g for isometric force recording on a Grass polygraph (model 7C). After 40 min of equilibration, the vessel rings were exposed to two successive dosages of maximum depolarizing KCl (80 mM). When contractile responses plateaued, the vessel rings were rinsed with KH and allowed to equilibrate for 1 h with 5 µM indomethacin before start of the experiment. It has previously been shown (17) that this concentration of indomethacin results in complete inhibition of cyclooxygenase and production of prostanoids. Pretreatment with indomethacin will block the EC-dependent cyclooxygenase-derived contribution to vasodilation (i.e., prostacyclin). All drug concentrations given are the final concentrations as they appear in the tissue baths.
For endothelium-dependent relaxation, data are expressed as percentages of relaxation or percentages of decrease in phenylephrine (PE)-induced constriction. BK or ACh was added in cumulative fashion to the bath to establish doseresponse curves as soon as tension had stabilized. To document the role of endothelium and nitric oxide on the observed relaxation, studies were repeated in separate series of pulmonary arteries with disrupted endothelium by mechanical abrading of the lumen of each vessel with a wooden applicator and pretreatment of the vessels with a specific nitric oxide synthase inhibitor, N G -monomethyl-L-arginine (L-NMMA, 0.25 mM) before BK and ACh testing. For the contraction studies, cumulative dose responses to ANG II and phenylephrine were performed in all endothelium-disrupted pulmonary arteries. The vasoconstrictor effects of each drug tested were normalized by expressing the data as a percentage of the maximum constriction induced by KCl (80 mM) in the same vessel ring.
Drugs and chemicals. ACh, ANG, BK, indomethacin, phenylephrine, and sodium nitroprusside were purchased from Sigma Chemical (St. Louis, MO). L-NMMA was purchased from Calbiochem, (La Jolla, CA). Losartan was kindly provided by Merck Pharmaceutical. All drug solutions were prepared just before use. Laboratory reagents and chemicals used for the preparation of KH solution were purchased from Fisher Chemical (Pittsburgh, PA).
Plasma ANG II peptide levels. Cardiac ANG peptide concentrations were determined by a method recently described from our laboratory that combines solid-phase extraction (SPE), HPLC, and RIA (20) . AG50WX4 (200-400 mesh) cation exchange resin was used in an SPE procedure for sample purification. The recovery from the SPE procedure has been previously determined in our laboratory using both labeled and unlabeled ANG peptides (21) . With the use of 125 I-labeled ANG I (1.4 ϫ 10 7 counts/min) and 125 I-labeled ANG II (9 ϫ 10 6 counts/min), recoveries were 93 Ϯ 2% (n ϭ 6) and 91 Ϯ 2% (n ϭ 6), respectively. With the use of 0.5, 1.0, or 1.5 mmol of unlabeled ANG I and II, recoveries were 91 Ϯ 9% (n ϭ 6) and 90 Ϯ 1% (n ϭ 6), respectively (20) . Separation was performed by reversed-phase HPLC on a phenyl silica gel column with an eluent consisting of 20% acetonitrile in 0.1 M ammonium phosphate buffer (pH ϭ 4.9). Aliquots (100 ml) of each relevant fraction of column effluent were subjected to RIA immediately on collection. Elution of standard ANG peptides under isocratic conditions revealed clear resolution of ANG I, II, and III and ANG-(1-7) and ANG-(3-8) peptides. RIA of relevant peaks revealed detectable levels of ANG I and II in all heart tissues examined. Antibodies to ANG I and II were raised in our laboratory in New Zealand White rabbits immunized against peptides conjugated to poly-L-lysine, as previously described (20) . The cross-reactivity of anti-ANG I antiserum with ANG II and of anti-ANG II antiserum with ANG I was Ͻ0.5%. The sensitivity of the RIA for ANG I was 4 pg/ml and for ANG II was 2 pg/ml.
Statistical analysis. All values are reported and graphed as means Ϯ SE. Different PA ring preparations (2-5) were studied from each dog for each of the experimental protocols. The data for the control and the C ϩ R group were pooled because there was no statistically significant difference between these groups. For the determinations of IC 50 and half-maximal effective dose (ED 50 ) values, the 50% values of the log dose-response curves were used. The data were analyzed statistically using ANOVA for repeated measures followed by the Student's unpaired t-test. P Ͻ 0.05 was considered statistically significant.
RESULTS
Hemodynamics. Four months after induction of MR, pulmonary arterial (21 Ϯ 3.5 mmHg) and pulmonary capillary wedge (15 Ϯ 2.2 mmHg) pressures increased significantly in the MR dogs compared with the control values (13.3 Ϯ 1.4 and 9.2 Ϯ 1.4 mmHg, respectively) . However, in the ramipril-treated MR dogs, at the end of the 4-mo period, no significant change in the pulmonary arterial (13 Ϯ 1.0 mmHg) and pulmonary capillary wedge (9 Ϯ 0.6 mmHg) pressures were noted. These data demonstrate the presence of pulmonary congestion and related heart failure in our experimentally induced MR dogs. Chronic treatment with the ACEI ramipril was effective in reversing these hemodynamic changes. Clinically, there were no significant differences between the groups, including necessity of treatment with furosemide.
Vasoconstrictor responses of PA rings. Addition of ANG II (0.1-10 nM) produced a potent dose-dependent contraction in isolated intralobar pulmonary arteries of control dogs, reaching a maximum of 4.7 Ϯ 0.2 g and ED 50 of Ϫlog 9 ( Table 1 ). Figure 1A shows the actual contractile tension developed in response to increasing concentrations of ANG II in control, MR, and MR ϩ R dogs. Figure 1B shows the same results after they were normalized as a percentage of maximum KCl contraction in each vessel ring. Chronic pulmonary congestion and heart failure in MR dogs resulted in a significant shift of the dose-response curve to the right and decreased both sensitivity (ED 50 of Ϫlog 8.5) and extent of maximum contractile response (3.5 Ϯ 0.4 g) to ANG II. Treatment of control dogs with ramipril did not alter the ANG II constrictor response (data not shown), Values are means Ϯ SE; n is no. of arteries. MR, mitral regurgitation; ACEI, angiotensin-converting enzyme inhibitor. * Statistically significant difference from control. whereas similar ramipril treatment in the MR dogs completely restored the sensitivity of the pulmonary arteries to ANG II constrictor response. The maximum contractile response of the MR ϩ R dogs, however, remained significantly lower (3.6 Ϯ 0.2 g) than in the control dogs (Table 1, Fig. 1 ). The dissociation constants (K B ) of ANG II-induced contraction, determined in a subset of control and MR dogs in the presence of the specific ANG II receptor (AT 1 ) blocker losartan (10 nM), were not significantly different between the control (K B ϭ 14 nM) and the MR (K B ϭ 9.5 nM) dogs (Fig. 2) . These results indicate that the decreased response to ANG II in MR dogs was probably related to a downregulation of the AT 1 receptors and not caused by AT 1 receptor dysfunction in the MR dogs with chronic congestive heart failure.
To further investigate the mechanism(s) of altered ANG II response in the MR dogs, dose-dependent contractile responses to ␣-adrenergic receptor activation by phenylephrine were also evaluated. Figure 3 shows that the dose-response curves to phenylephrineinduced contraction were not significantly different among the control, MR, and MR ϩ R pulmonary arteries, suggesting that the changes in ANG II responses in MR dogs were probably ANG II receptor specific and not a generalized vascular smooth muscle cell contractile dysfunction.
Relaxation response of PA rings. In all phenylephrineprecontracted and indomethacin-pretreated control pulmonary arteries, cumulative addition of 0.1 nM to 0.1 µM of BK resulted in a dose-and endotheliumdependent relaxation reaching a maximum of Ϫ87 Ϯ 4%. Mechanical disruption of intimal endothelium and pretreatment with the specific inhibitor of nitric oxide synthase, 0.25 mM L-NMMA, completely abolished the observed BK relaxation (data not shown). Induction of chronic congestive heart failure with MR in MR dogs resulted in a significant depression of the BK-induced endothelium-dependent relaxation. As shown in Fig. 4 , IC 50 of BK-induced relaxation was increased from 9 to 90 nM, respectively, in the control and the MR dogs. Similarly, the maximum relaxation to 0.3 µM BK was significantly reduced to Ϫ66 Ϯ 4% in the MR dogs. However, chronic treatment of the MR dogs with the ACEI ramipril completely restored the BK relaxation response (Fig. 4) .
As shown in Fig. 5 , similar alterations in AChinduced, endothelium-dependent relaxation in the MR dogs and their restoration when treated with ramipril were also observed. Maximum relaxation response to 3 µM ACh was decreased from Ϫ88 Ϯ 3% (control dogs) to 
Ϫ75 Ϯ 5% (MR dogs).
The maximum ACh relaxation in the ramipril-treated MR dogs was Ϫ83 Ϯ 4%, which was not significantly different from the control.
Circulating ANG II peptide levels. Plasma ANG II peptide levels were significantly elevated in a subset of MR dogs compared with control dogs (28 Ϯ 27 pg/nl in control, n ϭ 2, vs. 435 Ϯ 299 pg/nl in MR dogs, n ϭ 3) (Fig. 6) . Treatment of MR dogs with the ACEI ramipril prevented the increases in circulating ANG II peptide levels (78 Ϯ 34 pg/nl; n ϭ 3).
DISCUSSION
We previously reported that percutaneous chordal rupture of the mitral valve in dogs resulted in pulmonary venous congestion and volume overload-induced left ventricular heart failure (7). More importantly, we reported that myocardial hypertrophy associated with this pathological state was accompanied by marked increases in cardiac ACE activity and tissue ANG II levels (7) . Results of the present study confirmed these findings and further demonstrated that initiation of ACEI therapy, either early (24 h after the surgical mitral valve chordal rupture) or late (3 wk after induction of MR), prevented the associated pulmonary congestion and hypertension in these dogs with mitral valve insufficiency. A significant decrease in plasma ANG II levels was also observed in the animals treated with the ACEI ramipril compared with MR dogs not treated with the ACEI. These findings suggest a close relationship between the elevation of ANG II levels and the volume overload induced congestive heart failure. Thus the present animal model of congestive heart failure caused by chronic MR provides a useful tool for the investigation of the role of ANG II in the regulation of cardiovascular function.
ANG II is one of the most potent vasoconstrictors known and has also been implicated in the development of various pathophysiological hypertensive diseases (9, 13) . In addition to the direct action on vasomotion, ANG II has also been shown to induce marked structural changes in the vasculature, and the resulting vascular hypertrophy and remodeling may enhance vasoconstriction and sustain hypertension (9) . Indeed, a similar role of ANG II in the regulation of pulmonary vascular function and its associated increases during the development of pulmonary hypertension have been reported (4, 24) . Accordingly, it is presumed that ANG II mediates a potent vasoconstrictor response in the systemic and pulmonary vasculature in vivo.
Our in vitro studies demonstrate a significant decrease in the contractile response and sensitivity to ANG II in the PA of MR dogs, whereas the ␣-adrenergic receptor-mediated contraction was not altered in the same pulmonary vessels. This suggests a specific and selective perturbation of ANG II receptor function in the lungs of dogs with MR-induced heart failure. The marked elevated plasma ANG II levels in our MR dogs could have mediated a compensatory decrease in ANG II receptor function, possibly via an alteration in the specific signal transduction pathways, thereby accounting for the decreased ANG II constrictor response. Indeed, Cheng and co-workers (5) demonstrated a decreased contractility response to ANG II in isolated cardiocytes from dogs with chronic heart failure caused by rapid pacing. Alternatively, it is possible that a specific downregulation of AT 1 receptor numbers could occur during chronic MR. This is substantiated by receptor binding studies in numerous other animal models of hypertrophy and heart failure, which demonstrated that AT 1 -receptor density in the heart and kidney was significantly reduced after ANG II infusion in the rat in vivo (29) . Recently, heart failure in human patients resulted in a selective downregulation of the AT 1 receptor (6, 31) . Because ANG II is known to be one of the most potent factors in the regulation of gene expression of RAS components, it could account for the altered ANG II receptor function observed in the pulmonary vasculature. However, to our best knowledge, this present study is the first study to describe decreased functional response to ANG II in PA vessels in heart failure. However, one study (28) in the literature found that arterial vasoconstrictor response to ANG II is enhanced in pacing-induced heart failure in the dog. Another study demonstrated that canine lung lobes after pacing-induced heart failure and pulmonary hypertension show enhanced arterial vasoconstriction induced by norepinephrine after ␤-blockade (32). The reason for the difference between their data and ours may be that in the lung lobes, changes in vascular tone are dominated by those in resistance microvessels rather than the larger conduit vessels studied in our dogs. Also, results from the present paper are obtained under isometric conditions, whereas those in lung lobes are under isotonic conditions, which can lead to differences in sensitivity (3). Furthermore, there could be model-specific changes in pulmonary vascular function, i.e., pacing versus MR.
Our finding that chronic treatment with an ACEI such as ramipril is able to reverse and normalize the sensitivity of the PA to ANG II further supports our contention that adaptation of ANG II receptor function and/or density may have occurred. However, it is interesting to note that although the sensitivity of ANG II response was recovered, the peak ANG II response in the MR ϩ R dogs remained decreased compared with the control dogs. The potential role of this complex interaction in mediating the response of pulmonary pressures in vivo requires further investigation.
Another important finding of this study was the significantly decreased EC-dependent relaxation of the pulmonary arteries of MR dogs in response to both BK and ACh. Bradykinin exerts its effects on the endothelium through BK 2 receptors by activating endothelial nitric oxide synthase and also by activating arachidonic acid conversion to prostacyclin. ACh is a choline ester that exerts a vasodilatory response of most vascular beds through muscarinic receptors located on the endothelial cells with subsequent release of endotheliumderived relaxing factor (EDRF) (1, 2, 12, 22) . Thus the decrease in the vasodilatory response to BK and ACh in the pulmonary arteries of MR dogs suggests a generalized endothelial dysfunction in this vascular bed rather than a BK-specific alteration in the endotheliummediated relaxation. Such a generalized endothelial dysfunction could be caused by a diminished EDRF (nitric oxide) production and/or release in the MR pulmonary arteries. Similar findings have been reported with endothelial cell dysfunction during heart failure leading to enhanced vasoconstriction at rest and decreased vasodilatation in response to exercise and ischemia, further contributing to heart failure (23).
Our findings of endothelial cell dysfunction in the lungs of our dogs with chronic congestive heart failure concur with other reports in the literature. Ontkeane et al. (23) reported decreased EDRF-mediated relaxation to ACh in isolated PA rings taken from rats with congestive heart failure. However, Mathew et al. (19) found no significant difference in response to ACh and BK of canine pulmonary arteries between pacinginduced congestive heart failure and control groups but the vasodilatation to isoproterenol and prostacyclin was significantly diminished. The differences between these findings and our study maybe related to different neurohormonal activation of the heart failure models. However, to our knowledge, this is the first report of complete prevention or reversal of the pulmonary endothelial dysfunction with treatment of an ACEI in MR dogs.
In summary, in dogs with chronic MR, pulmonary congestion results in a significant decrease in the vasoconstrictor response to ANG II. Furthermore, relaxation to BK in these pulmonary arteries is also significantly decreased. These pulmonary vasomotion alterations are normalized in dogs with MR treated with an ACEI. Dogs with MR chronically treated with ramipril exhibit normal PA pressures in the presence of normal ANG II sensitivity but increased peak ANG II response. These in vitro and in vivo findings support the beneficial use of ACEIs. Additionally, these results could suggest that BK-NO signaling mechanisms may be important in pulmonary vasomotor tone in heart failure and may supersede the vasoconstrictor effects of ANG II. Whether these findings are applicable to the in vivo pulmonary circulation requires further investigation.
